share a common developmental genetic toolkit. LeIp3r1 expression was lowly detected in cerebellum-like structures indicating that although generatively homologous, the cerebellum and cerebellum-like structures do not share a complete overlap of common expression. Because of the little skate's important phylogenetic placement, performing molecular methodologies to assay targeted gene expression and determine protein localization in the hindbrain can be valuable for our understanding of cerebellar evolution and comparative neural development.
Introduction
The cerebellar cortex is a well conserved trilaminar structure in the gnathostome hindbrain containing a molecular layer, Purkinje cell layer and granule cell layer.
Although differences exist in cerebellar organization across gnathostomes, the circuitry that comprises the molecular layer remains largely similar. In the molecular layer, the parallel fiber-Purkinje cell synapse undergoes long-term depression resulting in a change of cerebellar cortex output to the deep cerebellar nuclei. The cerebellum's most defined role is in motor functioning, although it has also been implicated in sensory processing and cognition [1, 2] . The elasmobranch fish, Leucoraja erinacea, is a representative of the most basal extant lineage of vertebrates that possess a cerebellum. Thus, cerebellar physiology in the little skate may serve as a proxy for the ancestral state of other jawed vertebrates.
The little skate possesses two hindbrain nuclei that are similar to the cerebellum in terms of shared gene expression, anatomy and physiology, termed cerebellum-like structures. These cerebellum-like structures are first order sensory processing centers in the dorsal hindbrain, termed the dorsal (DON) and medial (MON) octavolateralis nuclei [3] . Due to a shared developmental genetic toolkit, the cerebellum and cerebellum-like structures are considered generatively homologous [4, 5, 6] . Based on this data and the phylogenetic presence of these structures, it has been hypothesized that cerebellum-like structures are the evolutionary antecedent and the cerebellum evolved from duplication of the cerebellar-like developmental genetic toolkit [3, 5, 6, 7] . Thus, it is expected that proteins necessary for cerebellar physiology would also be present in the cerebellum-like structures. Of particular importance for cerebellar functioning are proteins that are necessary for parallel fiberPurkinje cell long-term depression.
Ip3r1 codes for the Inositol 1,4,5-trisphosphate receptor type 1 (Ip3r1) protein and is expressed by Purkinje cells in the mammalian, frog, zebrafish and skate cerebellum [8, 9] . In mammals, activation of Purkinje cell metabotropic glutamate receptors results in the production of inositol triphosphate (Ip3), which binds to Ip3r1, releasing calcium from the endoplasmic reticulum to the cytosol. This results in downstream signaling cascades and the induction of long-term depression at the parallel fiber-Purkinje cell synapse leading to a change in cerebellar cortex output to the deep cerebellar nuclei [10] . The results presented here confirms a previous report of Ip3r1 localization in the skate cerebellum [9] and further examines the shared genetic toolkit of cerebellum and cerebellum-like structures by testing for L. erinacea Ip3r1 (LeIp3r1) expression in cerebellum-like structures. Interestingly, very little LeIp3r1 mRNA and protein was detected in cerebellum-like structures. The evolutionary implications of cerebellar-specific LeIp3r1 expression and localization in the skate is discussed.
Chondrichthyes, or cartilaginous fish, are comprised of both elasmobranchs and holocephalans and are the most basal lineage of vertebrates that possess a cerebellum.
Although the little skate occupies an important phylogenetic position for the study of vertebrate brain evolution, it is not a well characterized model organism. Thus, I
developed custom primers for RT-PCR and qPCR and validated that a commercially available antibody was specifically binding to Ip3r1 in the skate. This was made possible through a publicly accessible online resource called SkateBase [11, 12, 13] . Here, I detail my use of this resource and describe methods for performing sequence analysis, RT-PCR, qPCR, western blotting and immunohistochemistry in the little skate to localize LeIp3r1 expression throughout the cerebellum and cerebellum-like structures.
Following the custom, when referring to the gene Ip3r1, the name will be italicized and when referring to the protein Ip3r1, the name will not be italicized.
Materials and methods

Animals and dissection
Wild caught little skates (Leucoraja erinacea) were obtained from the Marine Biological Laboratory in Woods Hole, MA. This research was performed under guidelines established by NIH and approved by Wesleyan University IACUC. Animals were anesthetized in benzocaine, and a craniotomy was performed to visualize the desired brain regions. For RNA and protein analysis, desired brain regions (cerebellum and cerebellum-like structures) were excised from three animals using dedicated surgical tools to avoid contamination and dissections were performed in under 10 minutes to avoid degradation. RNA and western blot samples were flash-frozen after excision without fixative. For immunohistochemistry, animals (skate and mouse) were perfused and brains were post-fixed in 4% PFA overnight, cryoprotected in 20% sucrose, embedded in tissue freezing medium and sectioned by cryostat.
Gene expression assay
Finding the Ip3r1 homolog for sequence analysis
Sequence analysis was done to determine if genes homologous to Ip3r1 are present in the skate, determine immunogen sequence similarity for suitable antibodies and design custom primers. First, the Ip3r1 amino acid sequence was obtained from a well characterized species (Homo sapiens IP3R1) [14] . The whole amino acid sequence was then entered into SkateBLAST [11, 12, 13, 15] . Translated Nucleotide Database and Little Skate Genomic Build2 or Transcriptomic Contigs Build2 were selected and results were viewed under "Raw BLAST output report". Sequences similar to H. sapiens IP3R1 were identified by contig number (transcriptomic contig 16904) and retrieved through the Contig Lookup Tool. The nucleotide sequence from transcriptomic contig 16904 was translated through EMBOSS Transeq [16] and together with H. sapiens IP3R1, entered into Clustal Omega multiple sequence alignment [17, 18, 19, 20] to determine which domains were contained within the contig. The alignment was exported to Jalview for editing and adjustment [21, 22] , then exported to Adobe Photoshop.
Primer design
First, I determined the desired region of LeIp3r1 for primer production. I aimed to have the primer derived from the same region of the gene that codes for the Ip3r1 antibody immunogen used in this study to ensure that I likely measured the same target in both mRNA and protein level analyses. The specific region of transcriptomic contig 16904 that translates to the antibody immunogen sequence was entered into the PrimerQuest tool at IDT and several primers were tested for specificity [23] .
LeIp3r1 primer sequences can be seen in Table 1 .
RNA extraction
RNA was extracted from desired brain regions using the Promega SV RNA isolation kit (Promega Catalog # Z3100). Brain tissue was homogenized in 175ml SV RNA lysis buffer for 5 minutes on dry ice. 350ml SV RNA dilution buffer was added and vortexed for 1 minute. Samples were centrifuged for 10 minutes at 15,000rpm, supernatant was transferred to a tube containing 375ml 95% EtOH, inverted 10 times, then transferred to new spin column assembly. After standing for 1 minute, samples 
Immunohistochemistry
Immunohistochemistry was performed to localize protein expression shown through western blots to specific cell types in the brain. Sections were blocked for 1 hour in 5% NRS blocking buffer or 5% NGS blocking buffer (Vector Laboratories Vectastain Elite ABC Kit Catalog # PK-6101) in PBST at room temperature. Sections were incubated in primary antibody for 12e15 hours at room temperature followed by biotinylated secondary antibody (Vector Laboratories goatarabbit Catalog # PK-6101) in blocking buffer for 30 minutes at room temperature. Slides were incubated in ABC reagent for 30 minutes, then in a DAB peroxidase substrate (Vector Laboratories ImmPACT DAB peroxidase (HRP) substrate Catalog # SK-4105) for two minutes and dehydrated in an ethyl alcohol series and cleared in xylene. A noprimary negative control was done for each protein. A positive control was done on mouse cerebellar sections using the same protocols detailed above with a fluorescent secondary antibody (Life Technologies Corporation Catalog # A10042). All photos underwent the same modifications. Ip3r1 antibody information can be seen in The region of LeIp3r1 that was used for primer design was taken from the same region of the gene that codes for the anti-IP3R1 antibody immunogen used in Figs. 2b and 3aeb. This sequence is GAGAAGCTGGAGTCTACGATGAAGCTGGTTAC-
TAATTTATCTGGCCAACTGTCAGAGCTCAAGGAGCAGATGACTGAGCAAAG-GAAACAAAAGCAACGTATTGGTCTCCTCGGGCACCCTCCGCACATGAACAT-
TAACCCACAGCAGCCGGCC. The use of this partial sequence was done to ensure that I was measuring the same target in both RNA and protein levels of analysis. LeTuba primers were taken from Suriano and Bodznick 2018. The resulting primers can be seen in Table 1 .
Once the IP3R1 skate homolog was found, I determined the spatial restriction of LeIp3r1 expression by testing regions from the hindbrain (cerebellum and cerebellum-like structures) using RT-PCR. The cerebellum and cerebellum-like structures are considered generatively homologous, so they should share common gene expression [5] . Surprisingly, LeIp3r1 is expressed in the cerebellum at much higher levels than in the cerebellum-like structures of the skate (Fig. 1a , Supplemental Fig. 1 ). Blank lanes, containing all reagents except cDNA from the desired region, show that the band is not the result of primer self-dimer or hetero-dimer formation.
LeIp3r1 expression was then quantified using qPCR. Cerebellar LeIp3r1 expression was significantly higher than cerebellar-like expression indicating that Ip3r1 may be selectively utilized by the cerebellum in the skate (Fig. 1b) . LeIp3r1 C T values were rooted in LeTuba C T values to control for sample size, then transformed by 2 (ÀDCT) .
Once expression for LeIp3r1 in the cerebellum was detected and quantified, it was necessary to verify that this mRNA is translated into protein.
Detecting Ip3r1 protein in the skate cerebellum and validating antibody usage
Brain tissue containing the cerebellum was tested for the presence of Ip3r1 protein by western blot. Blasting the antibody immunogen against the skate transcriptomicbuild2.0 revealed that the immunogen was well conserved between skate and human. Fig. 2a shows an alignment of the antibody immunogen with skate Ip3r1 (top) and human IP3R1 (bottom).
The antibody used for western blotting and immunohistochemistry was rabbitahuman IP3R1 using a concentration of 1:300. The western blot showed a single immunoreactive band of approximately the appropriate mass, 300kDa (Fig. 2b,   Supplementary Fig. 2) . A no-primary negative control shows the immunoreactive band was not a product of abnormal secondary antibody binding.
Localizing Ip3r1 protein to specific cell types within the skate cerebellum
Once the presence of Ip3r1 protein was detected, I localized this protein to specific cell types within the cerebellum and tested for cerebellar-like Ip3r1 localization using immunohistochemistry. An ABC-DAB reaction showed Ip3r1 was localized to Purkinje cell somas and dendrites as well as molecular layer interneurons of the cerebellum (Fig. 3a) . This interneuron staining is different than results reported in Koulen et al. 2000, which did not observe Ip3r1 molecular layer interneuron immunoreactivity.
Little to no Ip3r1 immunoreactivity was found in the dorsal nucleus, a cerebellumlike structure (Fig. 3b ), which corresponds with previously stated mRNA results (Fig. 1aeb) . A no-primary negative control in the skate cerebellum shows that staining was not a result of improper secondary antibody binding (Fig. 3c) . A positive control using fluorescent immunohistochemistry on mouse cerebellar sections shows selective Ip3r1 localization to Purkinje cell somas and dendrites (Fig. 3d ).
4. Discussion 4.1. Ip3r1 antibody specificity in the little skate
LeIp3r1 expression in the cerebellum is shown through both mRNA and protein levels of analysis using custom primers and an antibody that was specific to Ip3r1. A western blot with a single immunoreactive band of the appropriate mass, a well conserved antibody immunogen, immunostaining that is consistent with the existing literature and the presence of LeIp3r1 mRNA in the cerebellum show that this antibody likely binds selectively to the target protein in the little skate. Custom primer design and determining antibody immunogen conservation was made possible through transcriptomic data that can be accessed through SkateBase [11, 12, 13] .
LeIp3r1 expression in the cerebellum and its evolutionary implications
The little skate IP3R1 homolog, LeIp3r1, is expressed by Purkinje cells of the cerebellum, confirming a previous report by Koulen et al. 2000 [9] . If Ip3r1 performs the same functions in the skate cerebellum as in the mammalian cerebellum, then Ip3 mediated intracellular calcium signaling may be a conserved feature of Purkinje cell physiology, from its evolutionary inception throughout gnathostomes.
Generative homology of cerebellum and cerebellum-like structures with regards to LeIp3r1 expression
Due to their complex evolutionary relationship, it was expected that proteins necessary for cerebellar physiology would also be present in the cerebellum-like structures. Although LeIp3r1 mRNA and protein was not detected in the cerebellumlike structures of the skate at levels approximating cerebellar expression, Ip3 receptors are present in several cerebellum-like structures across vertebrate phylogeny.
These include the electrosensory lateral line lobe and the optic tectum of the weakly electric fish, Apteronotus leptorhynchus [24] , and the dorsal cochlear nucleus of several mammals [25] . Even though the cerebellum and cerebellum-like structures in the skate do not share a complete overlap of common expression, they should still be considered generatively homologous as their developmental toolkits, anatomy and physiology are more alike to each other than other nuclei.
It is possible that Ip3r1 functionality was not utilized by the ancestral cerebellumlike structures and cerebellar/cerebellar-like Ip3r1 functionality was introduced to the shared genetic toolkit after the evolutionary genesis of the cerebellum. This newly expressed cerebellar protein may then be subsequently introduced to cerebellar-like structures as they independently arose throughout vertebrate phylogeny. It also remains possible that LeIp3r1 is expressed in the cerebellum-like structures, but tightly developmentally regulated or expression was missed due to small sample size and heterogeneity of expression.
Elasmobranchs are representatives of the most basal, yet extant, lineage of gnathostomes, or jawed vertebrates. They are also representatives of the most basal lineage of vertebrates that possess a cerebellum. Due to their phylogenetic placement, performing molecular methodologies to assay targeted gene expression and localize proteins in the cerebellum and cerebellum-like structures can be valuable for our understanding of comparative cerebellar physiology and neural development.
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